Eutrophication caused by anthropogenic activity has had tremendous impacts on aquatic ecosystems across the world. A primary cause of this eutrophication is increased phosphorus run-off into water bodies, resulting in alterations to the quantity and quality of food available for consumers. Previous studies have shown that large differences in the availability of phosphorus affect the expression of traits and mating biology at the individual level. In the present study, we manipulated the supply of phosphate, which altered the quantity and quality of food (e.g. periphyton) available to consumers, and documented the population-level responses of Hyalella amphipods. We also performed a mating experiment to examine the effects of the availability of phosphorus during development on the expression of sexual traits, as well as phosphorus availability during mating on mating behaviour. The results obtained indicate that subtle variation in the availability of phosphorus has no effect on population density or sex ratio. The amount of phosphorus available during development and phosphorus available during mating, however, did affect mating behaviour. Furthermore, the patterns in mating behaviour observed were not attributable to phosphorus-induced changes in sexually selected traits. The present study indicates that subtle changes in the availability of phosphorus can affect mating biology, possibly as a result of physiological or behavioural changes, although such effects may not necessarily be mediated by differential expression of sexually selected traits.
INTRODUCTION
Human activity has fundamentally altered ecosystems at an unprecedented rate and scale, resulting in evolutionary changes in many organisms (Palumbi, 2001) . Altered biogeochemical cycles are perhaps the most studied aspect of global environmental change (Schlesinger, 1997) . In the last few decades, human activities such as fertilizer (e.g. phosphate) mining and application have caused the eutrophication of many ecosystems (Hale et al., 2013) , and phosphorus run-off into aquatic ecosystems is the primary cause of eutrophication (Schindler et al., 2008) . Further, an increased supply of phosphorus has been shown to increase the phosphorus content of seston (i.e. planktonic living and nonliving matter) and periphtypon (i.e. attached algae and microbial communities) in aquatic ecosystems (Hillebrand & Kahlert, 2001; Hessen, 2006) . Therefore, the addition of inorganic phosphorus to aquatic ecosystems can dramatically change the quantity and quality of food available to consumers. The ecological consequences of eutrophication have been widely studied (Smith, Tilman & Nekola, 1999; Smith, 2003; Kemp et al., 2005; Khan & Ansari, 2005) ; however, we have only begun to uncover the evolutionary implications of eutrophication.
Despite its importance in determining fitness, however, we know relatively little about how changes in the supply of phosphorus affect the mating biology of organisms. Although there have been a few studies on the effects of eutrophication on mating biology, most of these studies have focused on how eutrophication directly influences the evolution of sensory systems (Van der Meer et al., 2012) and affects sensory reception of mating signals. For example, eutrophication increases phytoplankton abundance, resulting in greater turbidity that interferes with visual mating cues (Seehausen, van Alphen & Witte, 1997; Sundin, Berglund & Rosenqvist, 2010; Lane, Forrest & Willis, 2011; Fischer & Frommen, 2013) . In addition to altering the visibility of signals, eutrophication will also affect the quality of food available for heterotrophic organisms (Sterner & Hessen, 1994) . Because reproduction is a resource-intensive activity (Speakman, 2008; Morehouse et al., 2010) , the supply of phosphorus has the potential to influence the mating biology of organisms.
Our understanding of how changes in phosphorus affect organismal performance largely arises from studies that employ highly contrasting conditions of the availability of phosphorus. For example, studies documenting the effects of the supply of phosphorus on aspects of mating biology in crickets have used highly contrasting diets differing approximately by an order of magnitude in phosphorus content (e.g. 0.2% and 1%; Bertram et al., 2009; Visanuvimol & Bertram, 2010) . To our knowledge, the response of mating biology to more subtle changes in phosphorus content of food that may be representative of seasonal or spatial changes in the availability of phosphorus (Hessen, Van Donk & Gulati, 2005) has not been studied. Furthermore, these previous studies have generally focused on the effects of dietary phosphorus on the expression of male sexual traits. However, mating is inherently an interactive process, and we know little about how dietary changes in the availability of phosphorus affect females and, consequently, sexual interactions (Morehouse et al., 2010) .
When examining the effects of the supply of phosphorus on mating biology, most studies have focused on changes occurring at the individual level with little attention to demographic patterns (e.g. density and sex ratio). Because mating biology is dependent on population-level parameters, such as density and sex ratio, the focus on the individual level is surprising (Kokko & Rankin, 2006) . Indeed, changes in density and sex ratio have been found to affect several aspects of mating biology, such as female resistance and choosiness (Rowe et al., 1994; Bleu, Bessa-Gomes & Laloi, 2012) , male weapons and ornaments (Buzatto, Tomkins & Simmons, 2012; Vergara et al., 2012) , male mate preferences (Gosden & Svensson, 2009 ), mate guarding (Jormalainen, 1998 , and alternative mating strategies (Tomkins & Brown, 2004; Dennenmoser & Thiel, 2008; Leary, Garcia & Knapp, 2008) . Although it is well known that changes in the supply of phosphorus often increase population size, and drive population dynamics in a variety of taxa (Andersen, Elser & Hessen, 2004; Moe et al., 2005) , very little is known about the concomitant impacts of such dynamics on the mating biology of species.
We performed two experiments to assess how modest changes in the supply of phosphorus affect demographics, sexual trait development, and mating behaviour. First, using a mesocosm study, we examined whether the supply of phosphorus results in changes in population density and sex ratio. Second, using animals from the mesocosm study above, we conducted a mating behaviour experiment to examine how changes in the availability of phosphorus affected mating interactions. By selecting animals from the population study for this experiment we were able to address whether differences in the availability of phosphorus affected sexual trait development and, consequently, mating interactions. We also manipulated the quality of food (i.e. food was collected from either high phosphorus or low phosphorus tanks in the population study) available to animals during the behaviour experiment to address whether short-term access to phosphorus-rich food affects mating interactions (perhaps through changes in behaviour, as opposed to developmental shifts).
MATERIAL AND METHODS

STUDY SPECIES AND HOUSING OF ANIMALS
To examine the effects of the supply of phosphorus on population dynamics and mating biology, we used amphipods in the genus Hyalella. Hyalella amphipods are found in most freshwater ecosystems throughout North America and are thus exposed to a variety of nutritional environments (Bousfield, 1958) . This genus is composed of a complex of undescribed species and many of these species can be divided into either small ecomorph or large ecomorph types that differ in morphology, behaviour and life history (Wellborn, Cothran & Bartholf, 2005; Witt, Threloff & Hebert, 2006; Wellborn & Broughton, 2008) .
Similar to many crustaceans, the mating biology of Hyalella is tightly linked to the female molt cycle because the opportunity to fertilize eggs is limited to the period just after the female molt (Sutcliffe, 1992) . Males are the mate searching sex, and Hyalella populations have female-biased sex ratios where males typically comprise 20-40% of the population (Wellborn & Bartholf, 2005) . However, because female molt cycles are asynchronous, the operational sex ratio is highly male biased; only approximately 9% of females are receptive at a given time (Wellborn, 1995) . As a result of this time-limited female MATING BIOLOGY IN HYALELLA 879 receptivity to fertilization, males exhibit mate guarding as a time investment strategy (Jormalainen, 1998; Wellborn & Cothran, 2007) . Females exhibit resistance behaviour to pairing by thrashing and curling their body, which affects pairing duration (Wellborn, 1995; Cothran, 2008) . Males use their enlarged, clawlike appendages, the posterior gnathopods (hereafter gnathopods), to initiate pairing (Cothran et al., 2010) . Previous studies have shown that larger size-specific gnathopods provide a mating advantage and that this trait likely serves as an important male offence trait in sexual conflict over pairing duration (Wellborn, 1995 (Wellborn, , 2000 Cothran et al., 2010) . For the present study, we used a large ecomorph species (referred to as OK-L; Wellborn & Broughton, 2008) from Cowen Creek, a spring-fed creek located in Marshall County, OK, USA (33°55′N, 96°51′W) . The OK-L amphipod species is ideal for the present study because it exhibits a continuous large gnathopod advantage as the body size increases (Wellborn & Bartholf, 2005) . Additionally, gnathopod size and antenna size, a trait that is sexually dimorphic and under sexual selection in an isopod species with a similar mating biology (Bertin & Cézilly, 2003) , have both been found to increase in size in response to increased phosphorus availability in individual-level studies performed on this species (Cothran et al., 2012) . The experiment was performed in a greenhouse at the University of Oklahoma Biological Station at approximately 26°C.
SET-UP OF AMPHIPOD POPULATION TANKS
We set up fourteen 30-L tanks (67.95 × 40 × 18.10 cm) divided equally into two phosphorus supply treatments [HP = 60 μM phosphorus (K2HPO4) and LP = 10 μM phosphorus (K2HPO4); see Supporting information, Fig. S1a ]. Each tank was filled with treated well water, and washed pea-sized gravel substratum was added to a depth of approximately 2 cm. Algae and amphipods were added after 2 weeks, allowing for dechlorination of the water. The tanks were then covered with shade cloth to reduce colonization by terrestrial organisms. All tanks received 500 mL of a periphyton slurry collected from Cowen Creek and were fertilized with a source of nitrogen [1 mM N (NaNO 3)] and the amount of phosphorus corresponding to their treatment. Because periphyton growth was minimal in the tanks after 2 weeks, we added an additional 500 mL of periphyton collected from nearby Lake Texoma. Microscope slides that had been scoured with steel wool were added to each tank to collect periphyton periodically for elemental analysis. Twenty-five randomly chosen gravid females from Cowen Creek were added to twelve of the tanks (six HP, six LP) and populations were allowed to grow for 3 weeks before sampling began. In addition to the tanks with amphipods, four amphipod-free tanks (two HP and two LP) were set up as controls: periphyton used in the mating trials was collected from these tanks (see Supporting information, Fig. S1a ). Water was added to the tanks once a week to keep the tank water level relatively constant throughout the experiment.
POPULATION-LEVEL RESPONSES TO THE SUPPLY OF PHOSPHORUS
To examine whether population density and sex ratio were affected by the supply of phosphorus, each tank was sampled every 2 weeks, beginning after 3 weeks of initial introduction of amphipods. We used a 10.16-cm diameter pipe to subsample each tank. On each sampling date, we sampled from one randomly selected quadrant (see Supporting information, Fig. S1b ). We lowered the pipe into the chosen quadrant, making sure to push the pipe through the substrate to the bottom of the tank. We then collected all amphipods within the pipe using a brine shrimp net. Immediately after collection, we quantified the number of males, females, and juveniles by examining all amphipods under a stereo microscope (Leica S8APO). Amphipods were characterized as juveniles if they did not have any eggs visible in ovaries or embryos in the marsupium and enlarged gnathopods. Using these data, we compiled a life table and calculated population density and sex ratio (male : female). The population density was calculated by summing all adults and juveniles collected per sample and dividing by the area of the 10.16-cm collection pipe; total density is reported (individuals m −2 ). Samples were collected seven times over 17 weeks, representing between four and five generations of amphipods.
To quantify the phosphorus content of periphyton, we collected one microscope slide with attached periphyton from each tank before amphipods were added and after completion of the study. Microscope slides were frozen immediately until the phosphorus analysis was performed. Periphyton from each sample was brushed from the microscope slide into distilled water and filtered onto glass filters (0.7 μM; Whatman International Ltd). The filters were dried at 60°C for 48 h and phosphorus content was quantified in duplicate using a modified sulphuric acid digestion method (APHA, 1992) and verified with a spinach standard (NIST 1570a). This method involves digesting the sample with sulphuric acid and reacting the digestion with ammonium molybdate and antimony potassium tartrate. The resulting complex is then reduced to form a blue colour that is then analyzed using spectrophotometry.
To determine the effect of sampling date and phosphorus treatment on the population density and sex ratio of the tanks, we performed two separate repeated-measures (RM) analyses of variance (ANOVAs) with the population density and sex ratio as dependent variables, sampling date as a withinsubjects variable, and phosphorus supply treatment as the between-subjects variable. Additionally, we performed a RM-ANOVA to determine the effect of sampling date and treatment on the phosphorus content of periphyton in the tanks, using arcsine-transformed percentage phosphorus as our dependent variable.
EFFECTS OF THE SUPPLY OF PHOSPHORUS ON MATING
To examine the effect of the supply of phosphorus on mating success, we set up a two-by-two completely randomized, factorial design with female rearing environment and mating environment as treatments (HP or LP female rearing environment and HP or LP mating environment). Each treatment was replicated 30 times for a total of 120 experimental units. Females were selected randomly from the tanks and transferred to 150-mL plastic cups. Each cup was filled with water and periphyton was added (amphipods were fed ad libitum during the experiment) from either the HP or LP control tanks according to the mating environment assigned to the cups. Chemical analysis confirmed that the HP periphyton was higher in phosphorus content than the LP periphyton in these control tanks (F 1,7 = 58.75, P < 0.001) All of the females were acclimated in the cups for 24 h. During this time, two mature males, one from an HP tank and one from an LP tank, were randomly selected from the experimental tanks and added to each cup (see Supporting information, Fig. S1c) , with randomization at both the within-and between-tank levels. To differentiate between the two males, we anaesthetized the amphipods with a clove oil solution (Venarsky & Wilhelm, 2006) and clipped the right or left fifth walking leg, removing two to three of the most distal segments of the leg. The side of the leg clipped was alternated within treatments between cups. The males were isolated in cups filled with water from their rearing environment (either HP or LP) for 24 h to recuperate from surgery. After the 24-h recuperation period, males were added to the experimental cups housing the females.
Daily observations of each cup were made at 08.00, 12.00, 16.00, and 20.00 h. If a pair was observed, we removed the unpaired male and recorded the side of his leg clip to determine the identity of the paired male. A trial was ended when the pair separated and eggs were deposited into the external brood pouch. The successful male was defined as the male last observed paired with the female before oviposition. Because females do not store sperm, the last paired male is likely the successful male (Wellborn & Cothran, 2007) . Replicates were discarded if either the female died or pairing occurred after the death of a competing male. During the mating behaviour experiment, 13 of the 120 experimental units were discarded as a result of death, resulting in a total of 107 experimental units used for the analyses (HP female/HP environment: N = 26, HP female/LP environment: N = 27, LP female/HP environment: N = 27, LP female/LP environment: N = 27). After a trial ended, all amphipods from each cup were preserved in 70% alcohol for further morphometric analysis.
Because we know that morphology can determine the outcome of mating (Wellborn, 1995) , we performed morphometric analysis in which we measured four traits for all males. Head length was measured as an indicator of body size (Edwards & Cowell, 1992) . We also measured the maximum width of the propodus of the posterior gnathopod and length of the second antenna (hereafter antenna) because both traits are known sexually selected traits in amphipods and isopods that share a similar mating biology (Wellborn, 1995; Bertin & Cézilly, 2003; Wellborn & Bartholf, 2005) . Additionally, we measured a control trait, the width of the basis of the fifth pereopod, which is comparable in size to the gnathopod but has no known sexual function (Cothran et al., 2012) . All trait measurements were log-transformed before performing statistical analyses.
Because most traits are correlated with body size, we adjusted all traits for body size using a multivariate analysis of covariance to determine the unique trait effects on mating success. We used the treatment of the male as a fixed factor and head length as a covariate and saved the residuals of the analysis. For each trait, these residuals were added to the estimated marginal mean for each treatment to calculate size-adjusted trait size (Cothran et al., 2012) . A major assumption of this size-correction method is that the allometric slopes of the traits are equal between treatments (McCoy et al., 2006) , and this assumption held true for all traits in the present study (see Supporting information, Table S1 ).
For each size-adjusted trait, we ran paired t-tests to determine whether traits differed in size between HP-reared and LP-reared males within each competing pair of males. Additionally, to determine whether the female's rearing environment and the current mating environment affected which male was successful, we ran a backwards elimination logistic regression with the rearing treatment of the successful male as the dependent variable and female rearing environment, mating environment, and the interaction between the two as independent variables. All statistical procedures were performed using SPSS, version 20 (IBM, 2011).
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POPULATION-LEVEL RESPONSES TO THE SUPPLY OF PHOSPHORUS
Of the 12 experimental tanks, three (two HP and one LP) experienced significant population crashes approximately halfway through the experiment and, as a result, these tanks were discarded from further analyses. We found an effect of sampling date (beginning versus the end of the experiment; F1,16 = 98.75, P < 0.001) and phosphorus treatment (F1,16 = 50.75, P < 0.001) on the phosphorus content of periphyton, although no significant sampling date-by-treatment interaction (F1,16 = 0.583, P = 0.456; Fig. 1 ). On average, the phosphorus content of the HP tanks was 1.69-fold greater than the phosphorus content of the LP tanks. Furthermore, the phosphorus content at the beginning of the experiment was 2.31-fold greater than the phosphorus content at the end of the experiment for both treatments.
RM-ANOVA on population density indicated an effect of sampling date (F 6,42 = 8.737, P < 0.001) but not phosphorus treatment (F1,7 = 0.035, P = 0.857) or the sampling date-by-phosphorus treatment interaction (F6,42 = 1.12, P = 0.367). Population density generally increased early in the experiment before reaching a plateau (Fig. 2) .
For sex ratio, the RM-ANOVA showed an effect of date (F6,42 = 3.76, P = 0.004) and no effect of phosphorus treatment (F1,7 = 1.258, P = 0.299) or the sampling date-by-phosphorus treatment interaction (F6,42 = 0.670, P = 0.674). The populations showed no strong temporal trends in sex ratio across time, although sex ratios tended to be more female biased early in the experiment (Fig. 3) .
EFFECTS OF THE SUPPLY OF PHOSPHORUS ON MATING
Males from the two rearing environments did not differ in size (measured as head length: paired t106 = 1.276, P = 0.205), gnathopod size (paired t106 = 1.734, P = 0.086; Fig. 4 ) or antenna size (paired t106 = 0.322, P = 0.748; Fig. 4) . However, pereopods of HP males were significantly larger than those of LP males (paired t106 = 2.706, P = 0.008; Fig. 4) . The success of LP males against HP males was affected by an interaction between female rearing environment (i.e. whether females were raised on LP or HP algae) and mating environment (i.e. whether amphipods were fed LP or HP algae during the mating experiment; Fig. 5 , Table 1 ). Females reared on LP algae were equally likely to pair with a LP or HP male regardless of the type of algae that the animals were being fed during the mating experiment. Females reared on HP algae were more likely to pair with HP males when being fed LP algae (19/27 or 70% of the trials) and LP males when being fed HP algae during the mating experiment (17/26 or 65% of the trials).
DISCUSSION
We found that relatively small differences in the supply of phosphorus have no appreciable effect on population size and sex ratio. Nevertheless, our results indicate that the supply of phosphorus influenced mating patterns. The differences in pairing patterns were not a result of differences in crowding or male-biased sex ratios experienced in rearing tanks, both of which may affect sexual selection and sexual conflict (Kokko & Rankin, 2006) . It is also unlikely that differences in pairing patterns were a result of changes in male sexual traits because the size of male gnathopods and antennae did not differ between phosphorus supply treatments. The pairing patterns observed are likely a result of differences in the behavioural responses to a combination of current phosphorus availability in food and the environments in which the amphipods were raised. Phosphorus availability in the developmental environments may have caused physiological shifts that resulted in different behavioural responses to the quality of food available in the mating environment. However, the effects of physiological shifts caused by the developmental environment on responses to food quality have yet to be studied in depth, and our results suggest that such studies are warranted.
Previous studies have shown that eutrophication increases growth rates in amphipods and isopods (Hemmi & Jormalainen, 2002; Kraufvelin et al., 2006; Cothran et al., 2012) . Faster growth should result in shorter time to sexual maturation, leading to shorter generation times and steeper population growth trajectories. Furthermore, increases in female body size should lead to increased population growth because fecundity increases with body size in many animals (Blueweiss et al., 1978; Shine, 1988; Honek, 1993; Preziosi et al., 1996;  including Hyalella amphipods in Strong, 1972) . Indeed, evidence exists suggesting that eutrophication promotes population growth in marine amphipods, although abundance differences exist only between environments that differ dramatically in nutrient availability (i.e. nutrient enriched versus no enrichment; Pardal et al., 2000; Kraufvelin et al., 2006) . Analysis of the periphyton in the tanks indicated that the HP and LP tanks were different in phosphorus content (Fig. 1) . However, such small differences in the supply of phosphorus (only 1.69-fold Figure 3 . Sex-ratios during the experiment. Markers represent the mean ± SE. Because density within the tanks varies significantly within treatments, sample sizes for sex-ratio estimates also vary considerably (for sample size ranges, see Supporting information, Table S2 ). HP = 60 μM phosphorus (K2HPO4); LP = 10 μM phosphorus (K2HPO4). M, male; F, female.
greater in HP than LP) do not accelerate population growth (Fig. 2) . By contrast, Kraufvelin et al. (2006) found two-to three-fold increases in amphipod (Gammarus locusta) abundance in nutrient-enriched mesocosms that contained algae with phosphorus contents three-to six-fold higher than ambient levels. Because our tanks were standing stocks with no phosphorus addition throughout the experiment, it is possible that phosphorus turnover may be higher in the LP tanks. In turn, this might have resulted in HP amphipods being more limited with respect to phosphorus than LP amphipods, further inhibiting population growth.
High within-treatment variation in population density may explain why relatively small increases in the supply of phosphorus did not significantly affect population dynamics. This variation is likely a result of either environmental stochasticity or demographic stochasticity in our tanks. Because our tanks were in a controlled environment, environmental stochasticity is unlikely, yet possible because of accidental colonization of competing microinvertebrates or other unmeasured environmental factors. Indeed, the early population crash in one of the tanks eventually discarded from the dataset was likely a result of intense competition from ostracods and copepods. Furthermore, our results indicate that the phosphorus content decreased significantly in all tanks temporally, suggesting that much of the phosphorus in the tanks was sequestered into consumer biomass as the experiment progressed, possibly resulting in resource stress as the amount of phosphorus per algal cell decreased temporally (Gulati, Martinez & Siewertsen, 1995) . Demographic stochasticity, either as a result of a skew in sex ratio or random variation in survival, may be a large driver of variation in population dynamics because some tanks may experience drift and higher inbreeding (Nei, Maruyama & Chakraborty, 1975; Lande, 1988; Simberloff, 2009) . Colonies of Hyalella established by a single gravid female were shown to be extremely impacted by demographic stochasticity (Wellborn & Capps, 2013) . It is difficult, however, to determine how important demographic stochasticity was in influencing population dynamics in the 12 experimental populations, each established from 25 wild-caught gravid females. Our results indicated that the supply of phosphorus influences the mating behaviour of Hyalella amphipods. However, these changes in mating behaviour are unlikely to be directly related to population dynamics. The traits known to be important determinants of mating success (gnathopod size and antenna size; Wellborn, 1995; Bertin & Cézilly, 2003; Wellborn & Bartholf, 2005) were not sensitive to the subtle differences in phosphorus availability. The strength of natural selection within our populations, as a result of high competition and resource stress, could have been greater than sexual selection. Natural selection is very likely a strong constraint on sexual traits, especially when sexual traits are density-dependent (Andersson, 1994; Arnqvist, 1994) . Both treatments contained population densities much greater (approximately 20 000-50 000 amphipods m −2 ) than observed in the wild (approximately 700-8000 amphipods m −2 ; Wellborn, 1994) . Indeed, the mean gnathopod size in the present study compares to the reported gnathopod size in food-stressed (based on density) gnathopods in a previous study (Cothran & Jeyasingh, 2010) . However, males in the present study possessed larger gnathopods than those in the natural populations, suggesting that further selective forces beyond just density (e.g. predation) may be constraining gnathopod size in the wild (Wellborn et al., 2005) . Furthermore, although HP males were predicted to have higher mating success, this was only true in one of the four treatment groups.
The male rearing environment was a determinant of mating success only when HP females were available. It is possible that HP females are more selective in choosing mates, as a result of changes in female condition that affect resistance behaviour. Females raised in LP environments may be less likely to resist mating attempts by males as a result of a greater overall cost of resistance in the low phosphorus environment. This decrease in female resistance should result in relatively random mating. On the other hand, HP females may have been in better condition, allowing them to invest more in resistance behaviours. Future studies should address whether females fed high phosphorus food are more effective at resisting male mating attempts than females fed low phosphorus food.
The patterns of mating success observed in the present study may also be a result of differences in male competitive or coercive ability that are only evident in certain environments. Given the lack of an effect of phosphorus availability on male sexual traits, our results suggest that the small differences in phosphorus applied in the present study, when placed in a population context in which animals had to compete for access to phosphorus (and unlike in the study by Cothran et al., 2012) , have no effect on sexual selection. Instead, the patterns in male mating success may be a result of physiological or behavioural changes induced by the differences in phosphorus available in food. For example, HP males may be of greater overall condition, allowing them to exploit resources at a higher rate. Alternatively, LP males may be more efficient at retaining phosphorus (J. M. Goos, R. D. Cothran & P. D. Jeyasingh, unpubl. data) , possibly providing an advantage in a new food environment. Studies examining the physiological consequences of changes in phosphorus availability and their effect on mating behaviour may shed more light on the patterns observed in the present study. Of particular interest is the fact that HP males possessed significantly larger pereopods than LP males. Although we know nothing about the utility of the fifth pereopod in mating, our results suggest that this trait deserves further attention in future studies because it may play a role in foraging or competitive ability.
Collectively, we found that subtle changes in phosphorus availability do not affect population growth or sex ratio. Nevertheless, we observed effects of phosphorus availability on mating success, suggesting that the supply of phosphorus has the potential to affect individual-level processes ultimately driving mating biology. Although recent studies demonstrate that sexual traits are extremely sensitive to resource supply (Cotton, Fowler & Pomiankowski, 2004; Hunt et al., 2004; Cothran & Jeyasingh, 2010; Cothran et al., 2012; Lewis et al., 2012) , our results indicate that, at the population level, this sensitivity may be dampened by natural selection. Given the high densities observed in the present study, it is possible that resource competition had an effect on the development of male sexual traits. Additionally, although most studies of amphipod mating biology focus on morphology with respect to determining male mating success (Wellborn, 1995 (Wellborn, , 2000 Cothran et al., 2010 Cothran et al., , 2012 , the results of the present study indicate that MATING BIOLOGY IN HYALELLA 885 mating success may also be shaped by the effect of both the nutritional history and the current nutrition of food on an individual's behaviour. Studies focusing on the effects of nutrient dynamics and other ecosystem-level processes on mating biology should consider population-level issues to obtain a more complete understanding of the effects of global change on sexual selection. 
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Figure S1 . A, spatial distribution of tanks used in the population dynamics experiment. B, sampling method showing the sampling quadrants in each tank. C, mating experiment design. Table S1 . Multivariate analysis of covariance results for the interaction between male developmental environment and head length. The results indicate no difference in slope between treatments. Table S2 . Sample size ranges for estimates of population density and sex ratio in four HP and five LP experimental tanks.
